Amphipod silk is a fibrous, self-secreted, adhesive substance employed in tube-building by amphipod species within the Corophiidea, Ampeliscoidea and Aetiopedidea. In the present study we provide a detailed characterisation of a novel, marine-based silk production system situated in pereiopods 3 and 4 in the corophioid Crassicorophium bonellii and the aorid Lembos websteri. The silk material is a mixture of protein and mucopolysaccharides. Ultrastructural and histological analyses revealed that silk in both species is produced in several rosette-type glands, presumed to be of two different types. These glands are distributed among all limb articles apart from the coxa but mainly in the basis and merus of pereiopods 3 and 4. Secretion commences in the basis and a thread-like secretion product leaves the glandular pereiopod through a cuticular pore near the dactylar tip. The silk's physical and chemical properties most likely change while moving through the dactylar duct, which subdivides into several small ductules and terminates in a spindle-shaped chamber. This chamber, which communicates with the exterior, may be considered a silk reservoir in which the silk appears fibrous. For the first time an independently evolved, marine arthropod silk processing and secretion system is described.
INTRODUCTION
A diagnostic characteristic of the domicolous amphipod superfamilies Corophioidea and Ampeliscoidea is the glandular nature of pereiopods 3 and 4 (P 3 and P 4) (Moore and Myers, 1988; Myers and Lowry, 2003) . The development of glands in pereiopods 3 and 4 in members of these widely differing amphipod superfamilies is considered to be a product of convergent evolution (Moore and Myers, 1988) . The glands are distributed among all limb articles of P 3 and P 4, opening to the exterior through a small pore near the tip of the dactylus (Lincoln, 1979) . They produce a sticky secretion, the amphipod silk, which is used for consolidating and cementing the walls of the amphipod tube. Shillaker and Moore (1978) were the first to describe the tube-building behaviour in the corophioidean amphipods Crassicorophium bonellii (Milne-Edwards, 1830) and Lembos websteri Bate, 1857 . These amphipods knit together the silk secretions emanating from their P 3 and P 4 dactyli, thereby binding together inorganic fragments (such as sand grains or shell debris), organic material (macroalgal fragments, diatoms, detrital particles) and sometimes their own faecal pellets to form tubes that adhere to the substratum (Dixon and Moore, 1997) . The morphology of the silk-producing glands involved in tube-building by C. bonellii and L. websteri as well as the functional morphology of silk production in these two species, however, remain poorly known. Apart from histological and histochemical surveys by Lakshmana Rao and Shyamasundari (1963) done on Corophium triaenonyx Stebbing, 1904 , and the thesis by Shillaker (1977) on the silk material synthesised by Crassicorophium bonellii and L. websteri, no further information on these silk-producing glands and their secretory product is available.
The objective of this study was to describe the histology, histochemistry, and ultrastructure of the silk-producing glands in C. bonellii and L. websteri in order to gain insights into the silk secreting process of silk production and to analyse the histochemical characteristics of the amphipod silk, as previous investigations by Lakshmana Rao and Shyamasundari (1963) , Shillaker (1977) and Shillaker and Moore (1978) remain inconclusive concerning the composition of the amphipod silk in these corophioids.
MATERIALS AND METHODS
The amphipods C. bonellii and L. websteri were obtained mostly from holdfasts of Laminaria hyperborea, or occasionally from La. digitata and La. saccharina collected by divers from the sublittoral and sublittoral fringe of the Isle of Cumbrae, Firth of Clyde (−2 to −4 m C.D.). The amphipods occur as tube-dwellers between the haptera of these brown algae. Amphipods were separated from other tubedwelling organisms and free-living epifauna, transferred to Petri dishes filled with cooled filtered sea water and maintained in a cold-room at 4
• C until further use. For histological and histochemical investigation of the glandular tissue, animals were fixed in Susa or BouinPicro-Formol, immediately followed by the detachment of pereiopods 3 and 4 from the left and right sides of (Bonhag, 1955) the animal. After fixation for 24 hours, samples were washed in 70% ethanol (twice), followed by dehydration through a series of ascending concentrations of ethanol (80% to 100%) and whole mount stained using: Alcian Blue 1.0 (Horobin and Kiernan, 2002; Kiernan, 2008) ; Alcian Blue 2.5 (Horobin and Kiernan, 2002; Kiernan, 2008) ; Coomassie Brilliant Blue (Kiernan, 2008) ; Mercury Bromophenol Blue after Bonhag (Bonhag, 1955; Pearse, 1968) ; Toluidine Blue (Gurr, 1962) (Table 1) . For experimental controls, pereiopods 6 and 7 were used (non-secretory pereiopods) to which all stains were applied. Approximately 50 pereiopods in each species were whole mount stained and analysed. These experiments were intended to provide information about the general nature of the amphipod secretions rather than offering more detailed characterisations. Whole mounts were viewed with an Olympus IMT-2 inverted microscope and images were taken with a Nikon Coolpix E 995 digital camera. Transmission electron microscopy (TEM). Animals were fixed in 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer or the 'Elger'-fixative (Hentschel and Elger, 1987) . Immediately after first fixation, pereiopods 3 and 4 of each animal were dissected into at least 3 defined fragments to facilitate infiltration and thereby ensure fixation of the tissue, and were then post-fixed in osmium tetroxide (OsO 4 ), dehydrated in a graded ethanol series and embedded in a low viscosity medium resin (Spurr, 1969) . A total of 391 different samples were embedded. Thin sections were mounted on copper grids (mesh 200), contrasted with lead citrate and examined with a transmission electron microscope (TEM Zeiss EM 10). Semi-thin sections were stained as described above for light microscopy (Richardson et al., 1960) .
Scanning electron microscopy (SEM). 30 samples (complete animals and pereiopods 3 and 4) were fixed in 5% glutaraldehyde in 0.2 M cacodylate buffer, dehydrated through an ethanol series up to 100% ethanol and chemically dried with hexamethyldisilazane (HMDS). Samples were mounted and sputter-coated with a thin layer of gold. Samples were viewed with a SEM Jeol JSM 5200 and images were taken with the software program SemaFore.
Confocal scanning microscopy. Samples were fixed in Alcoholic Bouin's and stained with Langeron's Carmine. Samples were then cleared in a graded 2,20-Thiodiethanol (TDE) series (10%, 25%, 50%, 100%; 24 hours each) and mounted in 100 % TDE, either in Ibidi, 8 well μ-slides (Thistle Scientific, Glasgow) or in 'chamber slides' made from 2 #1.5 thickness cover slips separated by a ring of 'Stix2' double sided polyester ultra sticky tape. Autofluorescence of carmine-samples was imaged on a Leica TCS SP5 laser scanning confocal microscope on a Leica DMI6000 microscope stand using ×10 HCX PL FLUOTAR 10.0 × 0.30 dry or ×20 HC PL APO immersion (used with oil) objectives and Leica LAS-AF confocal acquisition software (vers. 2.2.1). Instrument settings for confocal imaging (excitation wavelengths and spectral detection windows) were determined empirically during live image acquisition in order to produce confocal images with good tonal contrast and structural resolution.
RESULTS
The silk-producing system in both C. bonellii and L. websteri comprises diverse glands situated in pereiopods 3 and 4 (P 3 and P 4) that yield the amphipod silk components (Figs. 1 and 2).
The silk-producing glands in both species are confined to P 3 and P 4 and occur in all size-classes of both males and females. All four limbs involved in spinning silk in each species are morphologically and histochemically equivalent suggesting that they generate the same components, of the final product, the silk.
Histochemistry of the Silk-Producing Glands
Histochemical tests consistently demonstrated secretory activity in the basis, ischium, merus, carpus, and propodus of both species (Figs. 2 and S1). The results of the histochemical tests applied demonstrated the predominance of protein and/or mucopolysaccharides in certain areas of the glands (Fig. S1A , B and C). In C. bonellii, areas that stained positively for protein with Mercury Bromophenol after Bonhag were located in the distal part of the basis, in the ischium and in the merus (Fig. S1A) .
A weak positive reaction to Mercury Bromophenol was observed in the whole of the basal gland and in the propodus and dactylus, suggesting a lower concentration of protein than in the remainder of the basis. The Alcian Blue 2.5 stain demonstrated the presence of sulphated polysaccharides predominantly in the basis and the ischium (Fig. S1B ). Glandular tissue in the propodus and occasionally fine filaments trailing from the dactyl pores stained equally positively for protein and mucopolysaccharides.
Histochemical analysis of L. websteri silk-producing glands revealed slightly different staining patterns from C. bonellii ( Fig. S1C and D) . The tissue in the pereiopod whole mounts submitted to the Toluidine Blue method after Gurr (1962) reacted positively in parts of the distal basis and parts of the ischium, in the merus and, mainly, in the carpus (Fig. S1C ), revealing the presence of mucous substances, which may be classified as mucopolysaccharides complexed to proteins. Areas that stained positively for Alcian Blue 1.0 were located in the basis, the ischium and in the merus indicating content of acid mucopolysaccharides (Fig. S1D) .
Two Putative Types of Silk Glands
The major gland in the basis (gland type I) of P 3 and P 4 in C. bonellii fills the whole of the basal segment and stains mainly positive for sulphated as well as acid mucopolysaccharides (Alcian Blue), acidic and sulphated glycoproteins (mucins) (Toluidine Blue), and moderately for protein (Coomassie Brilliant Blue) and can be described as a lobed tegumental gland (Talbot and Demers, 1993) (Fig. 2) . Secretions drain into a duct located in the centre of the gland.
In anterior and posterior regions of the distal end of the basis, however, mainly proteinaceous substances are synthesised by a different group of glandular cells (gland type II) (Fig. 2) . This putative second gland type (gland type II), type A rosette gland (Talbot and Demers, 1993 ), also appears in the distal part of the basis and in the merus (Fig. 2 ) and stains positively with Mercury Bromophenol Blue and Toluidine Blue, indicating the production of proteinaceous constituents of the amphipod silk.
Ultrastructural Aspects of the Silk Glands
The main feature of a secretory cell in gland type I in C. bonellii is the presence of an elaborate system of granular endoplasmic reticulum, which fills most of the cytoplasm, arranged around a prominent Golgi region (Fig. 3A) . Cisternae are long, often interconnected and closely packed. The material contained in the cisternae may be flocculent and the cavities dilated, suggesting that the secretory product synthesised by the cell can accumulate and possibly be stored within the cisternae (Fig. 3A) . In gland type I potentially two distinct types of secretory vesicles were identified. Their content appears to be either granular (Fig. 3B) or amorphous (Fig. 3C) .
These two types of vesicles appear in the same cell. Recently formed secretory vesicles contain amorphous contents, whereas vesicles assembling apically in the cytoplasm of a secretory cell at an 'accumulation site' usually contain granular material (Fig. 4A-C) . The term 'accumulation site' refers to the common locus of a rosette gland (Talbot and Demers, 1993) where membrane-bound secretory vesicles accumulate and release their contained secretory products into cuticle-lined, finger-like channels of the secretory cell (Fig. 4A-D) . Membranous material is present in this extracellular space, resulting from exocytosis of the secretion (Fig. 4C) . Figure 4D illustrates the relation between the drainage duct originating from the 'accumulation site. ' The typical secretory cell in the basal gland of L. websteri exhibits abundant rough endoplasmic reticulum (rER) and newly formed membrane-bound vesicles containing granular material (Fig. S2C ) presenting obvious parallels with the 'accumulation sites' of C. bonnelli as seen in Fig. S2A . The contents of such vesicles, assembling at the 'accumulation' sites ( Fig. S2C) are strikingly different compared with the newly formed vesicles, being of rather uniform density and lacking granules (Fig. S2B) . As with C. bonellii, two distinct types of vesicles were observed ( Fig. S2B and C) . As no membranous material was observed around the secretory material after its release into the lumen of the channels of the 'accumulation site,' it is likely that the glands in L. websteri, as in C. bonellii, release their products by exocytosis. Ducts in association with musculature may indicate a mechanical transport of secretory product in the basal limb article (Fig. S2D) . Glandular cells in the merus of C. bonellii (gland type II) are notably larger than those in the basis (gland type I) and reveal small, elongated ducts arising from the centre of each cell ( Fig. 5A and B) . At their origin, these ducts expand into finger-like channels of the secretory cell. TEM micrographs of the meral gland (gland type II) show the relationship between the gland lumen and the duct leading from it (Fig. 5A) . Electron-lucent and finely granular material was observed in the glandular lumen ( Fig. 5A and B) . Similar material found within membrane-bound vesicles enters the lumen from peripheral ducts (Fig. 5C and D) .
Morphological Aspects of the Dactylus
Each P 3 and P 4 dactylus of C. bonellii and L. websteri is slightly falcate and displays a distinct pore located near the tip through which the silk exits (Fig. 6A, C  and D) . The dactylar surface typically bears striations and characteristically, a seta projects distally from the distinct groove on the dactyl (Fig. 6A and B) . In C. bonellii we occasionally observed more than one type of pore through which the silk exits. Figure 6A illustrates the most common shape, in which the pore is overhung by a fold derived from the dactyl tip. The opening in L. websteri is placed near the very tip on the inside of the dactylus (Fig. 6C and D) and displays a different morphology from that in C. bonellii. The opening is elongate and contains a central ridge (Fig. 6C) .
Serial transverse sections through the dactylar pore region in C. bonellii revealed the internal organisation of the dactylus along its length (Fig. 7A-E) . Numerous ducts are present in the region proximal to the pore containing secretory material. Most distally, closest to the pore, the ducts coalesce to form a single duct. A profile of a sensillum with axonal profiles in its cuticular inpocketing is present in all sections. Most distally, opposite the silk duct, a deep dactylar groove is present (Fig. 7C-D) . The ultrastructure of the pore in L. websteri displays strong parallels with that of the pore in C. bonellii.
Functional Morphology of Silk Extrusion
In both species of amphipod we examined, proximallyproduced silk components enter the dactylus through what appears to be one duct (Fig. 8A, B and C) . This duct compartmentalises into narrow ductules that convey the silk to the spindle-shaped chamber described above (Fig. 8B, C  and D) .
Secretion products accumulate and their biophysical and biochemical properties appear to be altered, potentially due to physical changes in this chamber (Fig. 8D1-8D4 ). The latter may be considered a silk reservoir, where the secretory products are prepared for extrusion into the marine environment. Even though secretory material appears fibrous in the ductules proximal to the chamber and within the chamber, the final polymerisation will occur once the spinning process has started and the silk has exited the pore. No musculature has been discovered in direct association with ducts ( Figs. 7 and 8) . The spindle-shaped chamber communicates with the outside through a narrow duct leading to the pore at the tip of the dactylus, through which the silk exits (Fig. 8B,  C and D5) .
In both C. bonellii and L. websteri a comparable surface morphology of the dactylus was observed (Fig. 6) . In both species, the dactylus features a seta projecting from the dactyl's groove, which is always situated on the opposite side to that on which the opening is situated (Fig. 6A and B) . The variable morphology of the opening and the surface texture of the dactyli observed within each species are likely to be artefacts.
DISCUSSION
The organisation of the amphipod silk gland system is reminiscent, if only in principle, of plesiomorph spider silksecreting systems, e.g., in Loxosceles sp. (Sicaridae) (Knight and Vollrath, 2002) : an anterior glandular portion where silk components are synthesised, a median portion where the components are brought together and a posterior portion, where the silk is possibly dehydrated through absorption of water along the gland and in other ways physico-or biochemically altered, e.g., by means of a change of the pH value, to form a well-organised and insoluble silk filament prior to extrusion into the marine environment. The two types of glands in the amphipod pereiopods (the tegumental lobed gland specific interestingly to terrestrial isopods (Gorvett, 1951) and the type A rosette gland, as in callianassid shrimps, appear to have duct systems that are separate until they fuse in the dactylus before they split up again merging into the dactylar spindle-shaped chamber. The duct system remains ambiguous at this point and needs to be studied further.
The study results confirm that amphipod silk is produced from several tegumental-type glands of two different types, which are distributed among all of the limb articles apart Fig. 7 . Series of TEM micrographs of transverse sections illustrating aspects of the dactylus of a secretory pereiopod in C. bonellii from proximal to distal, closest to the pore. A, Showing a transverse section of the dactylus proximal to the pore. Note the three-fold morphology of the dactylar groove, the presence of numerous ducts containing secretory material and the profile of a sensillum; B, Note the decrease in numbers of ductules; C, Silk material is present within the dactylar groove; D, Closest to the pore ductules have coalesced to form one single duct; E, The silk duct opens to the exterior. On the opposite side a deep groove has developed. from the coxa, but mainly in the basis and the merus, in pereiopods 3 and 4. We observed strong parallels between the corophioid glands and types of rosette glands found elsewhere in the Crustacea (Alexander, 1989; Talbot and Demers, 1993; Dworschak, 1998) . Rosette glands are ubiquitous beneath the cuticle of decapods (Johnson and Talbot, 1987) , in marine callianassids employed for the function of burrow lining (Dworschak, 1998) , in amphipods (Shyamasundari, 1978; Schmitz, 1992) and tanaids (Bird and Holdich, 1985) , while lobed tegumental glands have been reported exclusively in terrestrial isopods (Gorvett, 1951; Wägele, 1992; Talbot and Demers, 1993) . Rosette glands often are referred to as tegumental glands, which are generally defined as glands consisting of secretory cells with drainage ducts leading into a central collecting duct that opens through a pore to a cuticular surface (Noirot and Quennedy, 1991; Fingerman, 1992; Talbot and Demers, 1993) . Tegumental glands are known to produce membranebound vesicles that accumulate in the apex of the cell (Talbot and Demers, 1993) . It is generally assumed that these Fig. 8 . Details of the dactylus of a secretory pereiopod in C. bonellii. A, Confocal scanning micrograph of propodus and dactylus of secretory pereiopods (P 3 and P 4) (scale bar is 50 μm); B, Schematic drawing illustrating the enlarged dactylus of the secretory leg through which the silk exits, duct (d), ductules (du), dactylar chamber (c), narrow duct opening to the exterior (d*) (scale bar is 25 μm); C, Confocal scanning micrograph of the dactylus of a secretory pereiopod through which the silk exits (scale bar is 25 μm); D1, TEM micrograph of longitudinal section of the dactylus illustrating the cuticle-lined chamber that contains densely stained material, which most likely represent silk components; D2, Enlarged detail indicated in D1 showing proximal region of chamber with numerous ductules containing material that appears to be fibrous; D3, Enlarged detail indicated in D2 showing material that appears to be fibrous in numerous ductules in proximal region of chamber; D4, Enlarged detail indicated in D2 showing numerous ductules containing material that appears to be fibrous; D5, Enlarged detail indicated in D1 showing distal region of chamber, which is continuous with a narrow duct leading to the exterior; note the electron-dense material in this duct, which is most likely silk, enclosed in a sheath of other material (grey). glands release their secretory granules by exocytosis (Engster, 1976; Talbot and Demers, 1993) . We observed that in the amphipod glands exocytosis occurs across apical membranes of the secretory cells. However, in the range of functions described by Talbot and Demers (1993) silk secretion was not mentioned. The only case in which tegumental glands are associated with the production of a silk-like substance is in tube-building tanaids (Holdich and Jones, 1983) . In both amphipod species studied, a strand of silk is likely to be formed by the individual initially attaching a small portion of silk to a surface and then pulling its limbs away from the substratum. Spinning the silk may thus be a pulling action rather than an active, mechanically induced ejection. Strain is important in inducing elongational flow in the fibroin-like component, bringing the molecules together and orienting them and stripping off the water from the hydrophobic amino acids to induce b-sheet formation. Amphipod silk is a sticky silk, with the outer layer of mucopolysaccharide material most likely giving the adhesive quality to the material while the inner layer of filamentous protein providing the tensile 'fibre' qualities. Apart from the biochemical properties of the silk secretion, which are still unknown, the silk formation process and several morphological attributes such as the cuticular pore from which a strand of silk is pulled or sheared suggests, according to Craig (1997 Craig ( , 2003 , that the material secreted by these amphipods should indeed be classified a silk.
Absorption of luminal water from the silk secretion and resulting compression of the latter in the dactylar spindleshaped chamber is likely to promote or influence the orientation of the proteins to form fine filaments as seen in the dactylar chamber. However, although it is reasonable to conclude that the different textures of the ductules' contents reflect different physicochemical states of the silk, these may have arisen from fixation and dehydration procedures applied to the samples.
It has been found that spider silk becomes increasingly bi-refringent as it passes down the duct (Lewis, 2006) , which suggests alignment of the silk before extrusion. Morphological findings indicate that amphipod silk is also 'pre-aligned' prior to extrusion. Although the amphipod tube-building behaviour, which the silk secretion facilitates, is comparable with that of the caddis fly (Trichoptera), the organisation of the amphipod silk-secreting system appears more like that of a spider. The ability to spin silk distinguishes the corophioids from other marine animals that utilise other structural materials to build burrows (Dixon and Moore, 1997) . The correlation between silk structure, function and environment is an intriguing area for further research. 
